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Abstract  
The study deals with a vertical axis wind turbine of Savonius type. The 
Savonius wind turbine was designed to produce power for water pumping 
with relevance to the Sudan. The designed turbine was made up of double 
rotors mounted at right angle to each other. 
  
The designed model was fabricated locally using materials from the local 
market. 
 
The model was constructed on the roof top of the Faculty of Engineering 
tower and tested within the wind speed range 3 to 9 m/s which were 
available during the test period. Power and speed measurements were 
recorded. 
The test showed that: 
• This type of turbines can be a feasible alternative for the 
production of power especially in the rural areas. 
• The maximum power coefficient was about 0.16  
• The maximum power coefficient corresponds to a tip speed 
ratio of 0.57.  
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  ﺔﺍﻟﺨﻼﺼ
ﺴﻲ ﻤـﻥ ﺍﻟﻨـﻭﻉ ﺍﻟﻤﻌـﺭﻭﻑ ﺃﺭﻟﻫﺘﻤﺕ ﻫﺫﻩ ﺍﻟﺩﺭﺍﺴﺔ ﺒﺎﻟﺘﺭﺒﻴﻥ ﺍﻟﺭﻴﺤﻲ ﺫﻭ ﺍﻟﻤﺤﻭﺭ ﺍ ﺍ
ﺝ ﻟﻠﺘﺭﺒﻴﻥ ﺒﻐﺭﺽ ﺘﺸﻐﻴل ﻤـﻀﺨﺎﺕ ﺫ ﺍﻟﺭﻴﺤﻲ ﻭﻗﺩ ﺘﻡ ﺘﺼﻤﻴﻡ ﻨﻤﻭ ﺱﺒﻴﻥ ﺴﺎﻓﻭﻨﻴ ﺭﺒﺘ
  . ﺍﻟﻤﺎﺀ ﻭﻓﻘﺎ ﻟﻤﻌﺩﻻﺕ ﺴﺭﻋﺔ ﺍﻟﺭﻴﺎﺡ ﺍﻟﻤﺘﺎﺤﺔ ﻓﻲ ﺍﻟﺴﻭﺩﺍﻥ
ﻴﺘﻜـﻭﻥ ﺍﻟﻨﻤـﻭﺫﺝ  .ﺎ ﺒﺎﺴﺘﺨﺩﺍﻡ ﻤﻭﺍﺩ ﻤﻥ ﺍﻟﺴﻭﻕ ﺍﻟﻤﺤﻠﻲ ﻨﻤﻭﺫﺝ ﻟﻠﺘﺭﺒﻴﻥ ﻤﺤﻠﻴ ﺼﻨﻊ 
ﺍﻟﻤﺼﻤﻡ ﻤﻥ ﺩﻭﺍﺭﻴﻥ ﺭﻜﺒﺎﻋﻠﻰ ﻋﻤﻭﺩ ﺭﺃﺴﻰ ﺒﺤﻴﺙ ﻴﻜﻭﻥ ﻜل ﻤﻨﻬﻤﺎ ﺒﺯﺍﻭﻴـﻪ ﻗﺎﺌﻤـﻪ 
  .ﻋﻠﻰ ﺍﻵﺨﺭ
 9 ﺍﻟـﻰ 3ﺍﺨﻀﻊ ﺍﻟﻨﻤﻭﺫﺝ ﺍﻟﻤﺼﻨﻊ ﻟﻼﺨﺘﺒﺎﺭ ﻭﻓﻘﺎ ﻟﺴﺭﻋﺎﺕ ﺭﻴﺎﺡ ﺘﺭﺍﻭﺤـﺕ ﺒـﻴﻥ 
 ﻭ ﺴﺠﻠﺕ ﻗﻴﺎﺴﺎﺕ ﺍﻟﺴﺭﻋﻪ ﻭ ﺏﺘﻴﺤﺕ ﺨﻼل ﻓﺘﺭﻩ ﺍﺠﺭﺍﺀ ﺍﻟﺘﺠﺎﺭ  ﻭ ﺍﻟﺘﻰ ﺃ ﺍﻟﺜﺎﻨﻴﺔ/ﻤﺘﺭ
  :ﻤﻥ ﻨﺘﺎﺌﺞ ﻫﺫﻩ ﺍﻟﺘﺠﺭﺒﺔ ﻨﺨﻠﺹ ﻟﻼﺘﻲ. ﺍﻟﻘﺩﺭﻩ
ﻴﻌﺘﺒﺭ ﻫﺫﺍ ﺍﻟﻨﻭﻉ ﻤﻥ ﺍﻟﺘﺭﺒﻴﻨﺎﺕ ﻭﺍﻋـﺩﺍ ﻟﻠﻌﻤـل ﻋﻠـﻰ ﺘـﻭﻓﻴﺭ ﺍﻟﻁﺎﻗـﺔ  •
  .ﻟﻼﺤﺘﻴﺎﺠﺎﺕ ﺍﻟﺼﻐﻴﺭﺓ ﺨﺎﺼﺔ ﻓﻲ ﺍﻻﻤﺎﻜﻥ ﺍﻟﺭﻴﻔﻴﺔ ﺍﻟﻨﺎﺌﻴﺔ
  .)61.0 =PC(ﺍﻗﺼﻰ ﻤﻌﺎﻤل ﻟﻠﻘﺩﺭﺓ ﺘﻡ ﺍﻟﺤﺼﻭل ﻋﻠﻴﻪ ﻫﻭ  •
  ﻟﻠـﺴﺭﻋﺔ ﻨﺴﺒﻪ ﻋﻨﺩﻤﺎ ﻴﻌﻤل ﻋﻨﺩ ﺘﻡ ﺍﻟﺤﺼﻭل ﻋﻠﻰ ﺍﻗﺼﻰ ﻗﺩﺭﺓ ﻟﻠﺘﺭﺒﻴﻥ  •
 .)75.0 = λ( ﺍﻟﻁﺭﻓﻴﻪ
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Nomenclature 
   
A Rotor area m2 
a Blade gap size m 
Ab Blade area m2 
b Blade over lap m 
C Average chord of blade m 
C1 Service factor  
Cb Combined shock and fatigue factor applied to bending moment  
Ct Combined shock and fatigue factor applied to torsion moment  
CD Drag coefficient  
CL Lift coefficient  
Cp Power coefficient  
CT Torque coefficient  
D Drag force N 
d Blade diameter m 
ddisc End cap disc diameter m 
di Shaft inner diameter m 
do Shaft outer diameter m 
e Power conversion factor  
F Force N 
g  Gravitational acceleration m/s2 
h Blade height m 
H Discharge head m 
L Lift force N 
l Bearing life hrs 
Mb Bending moment Nm 
N Blade rotational speed rpm 
P Power W 
p Blade straight portion  m 
pa Axial load N 
pe Equivalent load N 
Pm Mechanical power W 
Pout Out put power W 
 V
Pp Pump power W 
pr Radial load N 
q Radius of the circular arc of blade m 
Q Water discharge m3/s 
r Rotor radius m 
T Torque Nm 
u Blade velocity m/s 
V wind speed m/s 
v Blade relative velocity  
X Radial  factor  
Y Axial factor  
∆F Force difference N 
ηp Pump efficiency  
ηΤ Transmission efficiency  
λ Tip speed ratio  
θ Blade circular arc angle degree 
ρ Air density kg/m3 
ρw Water density kg/m3 
ω Angular speed rad/s 
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Chapter One  
Introduction 
For the development of rural parts in the developing countries, there is a 
need for energy to meet the small scale power requirements in remote 
areas, such as the energy needed for pumping of water for the domestic 
use and the irrigation, charging of batteries and lighting. 
 
Villages and small living groups in those countries are found in locations 
far from the grid and the connection of those villages to the grid is not 
economical. The use of diesel fuel is costly since the fuel is to be 
transported from the towns that may be far from those consumers' areas. 
 
Sudan is an example of those developing countries, in which there are a 
plenty of rural parts scattered in the wide area that need energy for 
pumping water, lighting etc. pumping of water is the most important need 
for those areas. Renewable energy alternatives can be a good solution to 
the energy problem in those rural parts. 
 
There are many renewable forms of energy including solar, wind, hydro 
and biomass technologies. 
 
Wind energy as an option is sustainable and zero emission technology.     
Surveys on water pumping technologies in India, Serilanka, Colombia, 
Kenya and Zimbabwe have pointed out that wind pumps are generally far 
cheaper than any other pumping alternative diesel or photovoltaic in 
particular [1, 2]   
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 Before we can decide to use wind power, we have to consider the 
following: 
1- The wind regime 
2- The total cost of installation. 
3- The type of the unit to be used considering the average wind 
speed, the power required, and the cost of the unit. 
 
Water delivery from wind pump depends on the following factors: 
1. wind speed 
2. water pumping head  
3. water discharge 
4. rotor area 
 
The wind potential in Sudan varies with the latitude. North of Sudan has 
relatively high speed compared to Southern Sudan [3]. 
 
In Sudan wind pumping started in the year1955 by the Gazera scheme 
when a number of wind machines were imported for domestic use [4]. 
Wind pumps are also installed in Khartoum area for irrigation. 
 
Wind turbines are classified into two main types: horizontal axis wind 
turbines and vertical axis wind turbines. The study deals with Savonius 
vertical axis wind turbine which is named after S.J. Savonius of Finland 
in the year 1924 [5]. 
 
Use of vertical axis wind turbine for water pumping was tested by 
engineer Ali Ahmed Ali in the University of Khartoum (MSc) in the year 
2002 [5]. 
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The test proved the possibility of using Savonius VAWT for pumping of 
water in the Sudan and the machine is promising for the use in that field 
of application if more improvements are made. 
 
The model used in the test was of 1.5 m diameter of total swept area of 
2.0 m2 used to drive a piston pump via a gearbox. 
The test resulted in the following [5]: 
1. The maximum power coefficient was 0.1 
2. the maximum tip speed ratio was 0.5 
3. The average water discharge against 10.0 m head was 0.2 m3/ h. 
 
The problems associated by the test as mentioned by the author are: 
1. The system failed to withstand high wind loads. 
2. Transmission losses are great. 
3. High vibration was produced. 
4. Misalignment in the main shaft. 
 
These problems affected the machine effectiveness and the resulting 
power coefficient of 0.1 is less than the predicted level. 
 
In this study an attempt was made to solve these problems and to improve 
the turbine performance. The improvements made in this study for the 
turbine described in reference [5] are: 
1. The turbine design was of two levels rotors each of 1.0 m2 swept 
area fixed at right angles to each other instead of a single rotor of 
2.0 m2 swept area with starting aid. The function of this 
modification is to minimize the vibration and to make the turbine 
self starting.  
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2. The structure supporting the turbine was a frame of steel pipes 
designed to a rectangular shape of 1.8 m x 1.8 m base to hold the 
system inside it while in the previous design the turbine was 
mounted on the top of a tower of steel angles consisting of four 
legs at a square base of 0.66 m sides. The new frame is more stable 
due to its wider base.  
3. In order to minimize the misalignment in the shaft the taper 
bearings was replaced with self alignment bearings.      
4. In testing the turbine the torque was obtained by measuring the 
brake force using spring balances while in the previous test a piston 
pump was connected to the turbine and the output power from the 
pump was measured. 
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Chapter Two 
Wind Pumping 
2.1 History 
The wind has been used to power machines capable of grinding corn, 
pumping water for hundreds of years. The earliest wind machines were 
used in Babylon and China about the year 2000 BC [6]. Horizontal axis 
wind turbines were introduced in Western Europe in the 12th century and 
were known as the Dutch windmills used for grinding corn. 
 
In the late 19th century, the American multiblade wind machines appeared 
in North America and were used mainly for water pumping. Water 
pumping wind machines were used in U.S.A. to provide water to farms 
and towns. 
In the year 1930 it is estimated that there were 6 millions of pumping 
units in U.S.A [7] 
 
During the 20th century a number of large horizontal axis wind turbines 
were introduced for electricity generation [7]. 
 
As the use of fossil fuels developed and the use of electricity generated 
from coal and oil wide spread in the 20th century, renewable energy began 
to contribute less and less to the world's energy needs. 
 
After the energy crisis in the year 1970, there was a wider interest in wind 
energy. Wind machines for water pumping have been installed in many 
countries particularly in the rural areas. The main application for 
mechanical farm wind pumps is drinking water supply. The present 
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annual installation of wind pumps is probably in the range of 5,000 to 
10,000 units worldwide [7]. 
 
2.2 Generation of Winds 
Wind is an air in motion. It is a source of clean renewable energy. Wind 
power, like most sources of energy on earth, originates from the sun (and 
it can be describe as second hand solar energy). About 2.5% of the sun 
energy in the form of solar radiation is absorbed by the earth atmosphere 
and the air is heated up [8]. Hot air is less dense than cold air and is 
consequently lighter. It has a lower pressure than cold air, which means 
that as the air is heated cold air is drawn in. Therefore non uniform 
heating of the earth surface leads to air circulation in the atmosphere and 
produces wind. 
 
The main planetary winds are caused in much the same way, the majority 
of the heat from the sun is received at the equator and it gradually reduces 
towards both poles. Cool surface air sweeps down from the poles forcing 
the warm air over the tropics to rise. But the direction of these massive air 
movements is affected by the rotation of the earth. Rotation of the earth 
produces acceleration on each particle of air. [9] 
 
2.3 Wind Speed 
Wind speed is measured with anemometers. The most common type is 
the cup anemometer which is basically instruments that count the rotation 
of cups which rotates at a speed proportional to the surrounding wind 
speed and converts it into signals indicated in an indicator which gives 
current information in dial or digital display. 
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2.3.1Wind Shear 
The wind slows down near the ground and increases with the increase in 
height due to the effect of buildings, vegetations, and the ground itself [10]. 
Therefore the wind data should indicate the height of the anemometer. 
The measurement of the difference expected in the wind speeds between 
the anemometers reference height and the proposed height of the wind 
turbine is given by [11]: 
 
V2 = V1 (z2 / z1) α             (1.1) 
Where: 
          V1 = known wind speed at the anemometers height (z1). 
V2 = unknown wind speed at the wind machine height (z2). 
α = constant coefficient depending on the reference elevation (z1), 
atmospheric stability, and surface roughness. An average 
value of α is taken as 1/7 [12].   
 
2.3.2 Wake 
Wind flowing around buildings or very rough surfaces exhibits rapid 
changes in speed and directions which is known as a wake. The wake 
decreases the power output of the wind machine and may cause a 
vibration on the machine. A zone of wake is shown in Fig. (1.2) 
If it is impossible to avoid all obstacles, the turbine sitting should be out 
of this disturbed zone. 
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Fig. (2.1): Zone of disturbed flow [13] 
 
 
2.3.3 Acceleration on Ridges 
The top of hills acts as a sort of concentrator for the air stream causing 
the air to accelerate near the top of hills. Fig. (2.2) 
 
 
Fig. (2.2): Acceleration on ridge [14] 
 
 
H
 
Wind
2 H 20 H
Disturbed flowHigh velocity  
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Chapter Three 
Literature Review 
 
3.1 Wind Machines Theory 
Wind possesses energy by virtue of the motion. Any device capable of 
slowing down the mass of moving air, like a sail or propeller can extract 
part of the energy and convert it into useful work. Three factors 
determined out put from a wind energy converter: 
(i) The wind speed. 
The minimum wind speed at which the blades will turn and 
generate usable power is known as cut – in speed and the 
minimum wind speed at which the wind turbine will 
generate its designated rated power is the rated speed. 
(ii) The cross-section of wind swept by rotor 
(iii) The overall conversion efficiency of the rotor, transmission 
systems and generator or pump efficiency. No device, 
however well designed, can extract all the wind energy 
because the wind has to be brought to rest and this would 
prevent the passage of more air through the rotor. 
 
The wind mill works on the principle of converting kinetic energy of the 
wind into mechanical energy. 
As the free wind stream passes through a rotor, the wind transfer some of 
its energy to the rotor and its speed decreases to a minimum in the rotor. 
Subsequently, the wind stream regains energy from the surrounding air 
and at a sufficient distance from the rotor the free wind speed is restored 
Fig. (3.1). 
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While the wind speed is decreasing as just described the air pressure in 
the wind stream changes in a different manner Fig. (3.1). It first increases 
as the wind approaches the rotor and then drops sharply by a specific 
amount as it passes through and the energy is transferred to the rotor. 
Finally the pressure increases to the ambient atmospheric pressure. 
 
 
 
 
 
 
 
 
 
 
Fig. (3.1): Condition in traversing a wind rotor [15]. 
 
3.1.1 Lift and Drag Forces 
Wind machine designs may be based on lift or drag forces. 
Lift force: 
It is the force exerted by wind on the blade in a direction perpendicular to 
the direction of the flow. 
Lift coefficient: 
 CL =                                 (3.1) 
 
Where:  
L= Lift force 
Drag force: is the force exerted by the wind on the blade in a direction 
parallel to the direction of the flow. 
Rotor
Free wind
W
in
d 
sp
ee
d 
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Vr 
∆P Ambient
Pressure  
Free wind
L 
AV 22
1 ρ  
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Drag coefficient: 
AV
DCd
2
2
1 ρ
=            (3.2)  
Fig. (3.2): shows lift and drag forces 
                                                                                                                                                  
                                                                                                              
 
 
 
 
Fig. (3.2) Lift and drag forces 
 
3.1.2 Power Available in the Wind 
The power available in the wind is given by: 
P = 0.5 ρAV3                            (3-3) 
Where: 
V = wind speed (m/s) 
ρ = Air density (kg/m3) 
A = swept area 
 
Equation (3.3) shows that: 
1. The power in the wind varies as the cube of the wind speed. 
2. The power is proportional to the air density. Air density varies 
with the height and temperature. 
3. Power is proportional to the swept area. 
 
3.1.3 Extractable Wind Energy 
Interaction of the wind with the blades transmits power to those blades. 
However, wind must not stop, otherwise more wind cannot arrive. 
Drag 
Wind 
Lift 
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Therefore the departing wind takes away kinetic energy, so the extraction 
of power from the wind is less than 100%. 
The Betz linear momentum theory concludes that the maximum fractional 
energy extraction is 16/27. 
The power coefficient: 
 
Cp =                    
 
Cp =                                  (3.4) 
 
The maximum theoretical power coefficient (Betz) max for a lift machine 
is: 
Cpmax = 16/27 = 0.593 [12]         (3.5) 
 
For an ideal drag machine: 
An ideal power coefficient for the drag machine can be developed by 
considering the behavior of a translating drag element Fig.. (3.3) [15]  
 
 
wind velocity (V)                      blade velocity (u)    drag force (D) 
 
 
Fig. (3.3): Drag translator [12] 
 
Wind velocity = V (m/s) 
Blade velocity = u (m/s) 
Drag force = D (N) 
Relative velocity (v): 
v = V-u            (3.6) 
Rotor power 
Wind power 
P 
0.5 ρ AV3 
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2
2
1 vACD bDρ=           (3.7) 
Ab = blade projected area (area normal to the wind flow direction) (m2) 
Power developed by the blade:  
uvACP bD
2
2
1 ρ=           (3.8) 
 
Cp =                                                                                                                     
( )
3
2
3
2
.
2
1
2
1
V
uuVCC
VA
uvAC
D
p
b
bD
−=
=
ρ
ρ
    
Cp
2
1 ⎟⎠
⎞⎜⎝
⎛ −=
V
u
V
uCD                 (3.9)      
The maximum power coefficient: 
V
u
V
u
V
u
V
uC
V
ud
dC
D
p 312110 −=⎥⎦
⎤⎢⎣
⎡ −⎟⎠
⎞⎜⎝
⎛ −⎟⎠
⎞⎜⎝
⎛ −==
⎟⎠
⎞⎜⎝
⎛  
So that Cp maximum at 
3
1=
V
u            (3.10) 
Substituting in (3.9) 
Cpmax = DC27
4           (3.11) 
Equation (3.11) shows that the ideal power coefficient is increased with 
large drag coefficient. 
 
3.1.4 Torque Coefficient 
CT = T / (0.5 ρr AV2)          (3.14) 
Where  
T = Torque (Nm) 
Power developed 
Wind power 
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3.1.5 Tip Speed Ratio 
 
  λ =  
 
 λ =             (3.17) 
Where: 
λ   = the tip speed ratio 
r = radius of turbine (m) 
ω = turbine angular velocity (rad/s) 
v = free stream wind velocity (m/s) 
See Fig. (3.4) and (3.5) 
 
Cp, CT and λ are the dimensionless coefficients for power, torque and 
speed respectively. 
 
 
 
 
 
 
 
 
 
 
 
Blade tip speed 
Wind speed 
          rω 
V 
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Fig. (3.4) Horizontal axis wind rotor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (3.5) Savonius vertical axis wind rotor 
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 θ 
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3.1.6 The Mechanical Power 
Pm = ωT            (3.15) 
Pm = 2πnT            (3.16) 
Where:  
ω = angular speed (rad/s) 
n = rotor speed (revs/s) 
 
Therefore a turbine sweeping the same area and producing the same 
power but at a higher torque will operate at lower speed 
 
3.1.7 Transmission Efficiency 
 
 ηT =  
 
 ηT = Pm/P            (3.18) 
 
3.1.8 Power Conversion Factor  
 e = Cp ηT            (3.19) 
 
3.2 Classifications of Wind Turbines 
Wind turbines are classified according to their axis of rotation into 
horizontal axis wind turbines (HAWTs) and vertical axis wind turbines 
(VAWTs). 
 
3.2.1 Horizontal Axis Wind Turbines 
Horizontal axis machines are the traditional conventional design. They 
are usually more efficient than vertical axis machines and all grid 
connected commercial wind turbines today are horizontal axis [16]. But the 
Mechanical power 
Input power 
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cost of the horizontal axis machines and their tower is high compared to 
vertical axis machines and their design and manufacturing is more 
complicated.   
 
In the horizontal axis wind turbines, wind flowing over the airfoil blades 
generates a lift force which can be directed to cause the blades to rotate 
about an axis. Horizontal axis machines are the most common, with the 
rotor, drive train, and generator mounted at the top of the tower. Weight 
is therefore a key design constraint of a horizontal axis machines. 
 
For the horizontal axis turbines, the rotor may be positioned either 
upwind or down-wind of the tower during operation. A downwind turbine 
is self steering, that is, the drag on the rotor causes it to follow the wind 
as the wind changes direction. The disadvantage of this is that the turbine 
sees a non-uniform load across the rotor due to wind shading by the 
tower. The upwind rotor avoids the tower interference on the rotor [12]. 
A horizontal axis wind pump is shown in Fig. (3.6) 
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Fig. (3.6): Horizontal axis wind turbine [1] 
 
3.2.2 Vertical Axis Wind Turbines (VAWT)  
Vertical axis wind turbines comes into two types drag based designs and 
lift based designs. The lift and drag forces were discussed in section 
(3.1.1)  
1. Drag based designs 
Work like a paddle used to propel light boat through the water in a river. 
If we assume that the paddle did not slip, then the maximum speed would 
be about the same speed we drag the paddle. The same holds true for the 
wind [16] 
 
The three cups anemometers are drag based vertical axis wind turbines, 
the ends of the cups can never go faster than the wind, so the tip speed 
ratio is always one or less. 
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A good way of determining whether a VAWT design is based on drag or 
lift is to see if the tip sped ratio can be more than one or not. 
 
2. Lift based design 
They are running faster than drag based designs and the tip speed ratio 
can be more than one. 
 
The Savonius rotor operates on the principle of an eccentric drag force 
generated by the wind on a rotor about its axis of rotation. Improvement 
of the rotor design introduces a lift effect for a better performance [17]. 
 
Advantages of VAWT: 
1- The tower is simple. 
2- The power can be delivered at ground level. 
3- They do not need a yaw mechanism since they always 
meet the wind. 
 
Disadvantages of VAWT: 
1- The overall efficiency is low compared to the horizontal axis 
machines [18].  
2- To replace the main bearings, one needs to disassemble the 
entire machine down which results in additional cost. 
 
The performance curves of different turbines are shown in Fig. 
(3.7) 
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Fig. (3.7): Performance curves of different turbines [12] 
 
There are two main types of VAWTs: 
1. Darrieus VAWT 
Darrieus is a lift base vertical axis machine. It was first patented by the 
French George Darrieus in the year 1927[16].It has two or three thin 
curved (egg beater) blades with airfoil cross section both ends of blades 
are attached to a vertical shaft. Thus the force in the blade due to rotation 
is pure tension. This provides a stiffness to help withstand the wind 
forces. The blades can thus be made lighter than in the propeller type Fig. 
(3.8). another type of the machine is the straight blade called Giromills 
Fig. (3.9) 
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The main use of Darrieus machine is in the electricity generation. 
Advantages of Darrieus turbine: 
i. Accept the wind from any direction. 
ii. Can be mounted at the ground  
iii. λ And Cp considerably high compared to Savonius 
turbine. 
 
Disadvantages of Darrieus Turbine [6]: 
(i) Require external mechanical aid for starting. 
(ii) The efficiency is lower compared to HAWT. 
(iii) Because it generally situated near ground it may also 
experience lower velocity wind. 
(iv) The machine may need guy wires to hold it up 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (3.8): Darrieus wind turbine [14] 
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Fig. (3.9) Giromill [6] 
 
2. Savonius Vertical Axis Wind Turbine 
 It is our study subject which is a drag-based design rotor developed in 
the year 1924 in Finland by Sigurd J. Savonius. The machine is not pure 
drag machine, and a good Savonius rotor might exceed a tip speed ratio 
of one but not by much [16]. 
 
Perhaps the simplest type of wind energy conversion systems is the 
Savonius turbine. The basic design of Savonius rotor is made by cutting a 
cylinder along its axis into two halves and sliding the two halves along 
the cutting plane to form the shape shown in Fig. (3.10). 
Torque tube 
 
Aerofoil blade 
Tubular 
tower
Tie rods 
D 
L 
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Fig. (3.10) Savonius 
 
The operation of the Savonius wind machine is based on an aerodynamic 
torque induced by the deflection of the flow on the blades.  
As wind blows over the machine, air will be trapped at the concave side 
of the impellers facing the incoming wind, resulting in a pressure build 
up. Whereas at the convex side of the impellers facing the wind, air is 
deflected away from it thus lowers pressure, Fig. (3.11), this pressure 
difference at opposite sides of the axis causes the rotor to rotate [19].  
 
 
 
 
Fig. (3.11): Threads of current around the Savonius wind turbine  
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In the present case it is decided to choose this type of turbines for the 
following reasons: 
1. It is simple in construction so that it can be built using the        
available workshop skills and materials from the local 
market. 
2. The supporting tower is relatively simple. 
3. It has a relatively low construction cost  
4. The turbine high starting torque is suitable to drive a 
pump. 
5.  Savonius turbine like other vertical axis machines always 
facing the wind thus eliminating the need to reorientation. 
 
The machine has the following disadvantage:  
1. Low efficiency. 
2. High solidity. 
3. It is not storm proof without stopping the device. 
 
The advantages of Savonius may outweigh the rotor low efficiency and 
make it an ideal economical source to meet small power requirements [20]. 
Pumping water in rural parts is an example of such power requirements in 
which ease of fabrication and the finance being a guiding criterion. 
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Chapter Four 
Design Optimization of Savonius Rotor 
 
4.1 Developments in the Turbine 
The traditional design of the Savonius rotor basically consists of two 
halves of cylinders forming the shape shown in Fig. (4.1). It is usually 
made by cutting a drum or cylinder in half, lengthwise. A shaft is 
mounted passing through the central plane to form the vertical axis. The 
advantage of this design is that it can be simply made by cutting the 
cylinders but its efficiency is low compared to Darrieus turbine or high 
speed propeller turbines. It is efficiency ranging between 12 to 15% 
[20].This efficiency may be similar to that of the low speed multiblade 
turbines Fig. (2.4).  
 
 
 
 
 
 
Fig. (4.1): Traditional design of Savonius turbine 
 
The rotor is defined by the following parameters: 
1. a  = blade gap size 
2. b = blade over lap 
3. D = shaft diameter 
4. d = rotor diameter 
5. h = blade height 
6. p + b = length of the straight line portion 
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7. q = radius of the circular arc portion 
8. θ = blade circular arc angle 
 
The blade geometry and the associated parameters are shown in Fig. 
(4.2). The aerodynamic performance of a Savonius wind turbine is much 
influenced by these design parameters. 
 
(Some researchers worked on configurations of Savonius rotor blades. 
Different optimum overlap ratio of the Savonius rotor has been reported. 
(Purwadi)[21] and others designed a 2-2 Savonius rotor and found that 
with a 40% bucket overlap the rotor had better performance than the other 
overlaps.  Results from (Herath) [22] work shows that, maximum torque 
and power of the Savonius rotor were obtained at an overlap of 50%. 
Also, (Ushiyama) and (Nagai) deduced that, buckets of semi-circular 
cross-section of Savonius rotors has optimum performance with an 
overlap ratio of between 20 ~ 30 %.) [23]. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (4.2): Savonius rotor geometry 
d 
q b 
a/2  
P 
θ 
D
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4.2 Optimal Parameters According to Modi and Fernando [20] 
These authors carried out a study of optimization of various parameters 
defining the Savonius rotor they thus affirm to reach a maximum power 
coefficient of 0.32 for a tip speed ratio of 0.79. These parameters are in a 
dimensionless form: 
1.  a = 0 
This is to remove the space traditionally existing between the blades and 
the central shaft. 
2. h/d = 0.77 
This means that the wind mill is broader than high 
3.  b =0 
The blades are attached to the shaft without exceeding. 
4. p/q = 0.2 
5. θ = 1350  
6.  d/disc = 0.75 
 
Later studies showed that the optimum gap size ratio is equal to 1/6 
instead of zero as in Modi and Fernando report [24].  
 
Also the study of Modi and Fernando for the aspect ratio does not cover 
the values of aspect ratios of one and more, i.e. wind machine higher than 
broad was not tested, moreover the maximum of Cp observed for a ratio 
of 0.77 is followed only by one value of lower Cp for a ratio of 0.9[24].     
Fig. (4.3) shows a different type of Savonius rotor in which the shaft does 
not extend to pass through the blade gap. In this design some of the air is 
deflected by the second vane as it exist the first one [17]. This type is not 
as strong as the traditional one.     
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Fig. (4.3): Savonius rotor with no central shaft [17] 
 
Development in this design (figure 4.3), is another type shown in Fig. 
(4.4). This type in addition to the advantage of the air being deflected 
twice, also the vanes acts partly like an air foil creating a small lift effect.  
 
 
 
 
 
Fig. (4.4): Modified non central shaft Savonius rotor [17] 
 
The problem of the death point towards, i.e. the point at which the rotor is 
not facing the wind, which the rotor has every 180 degree, is solved by 
making the wind machine rotors in stages. 
 
A recently designed rotor which produced by two Finish companies, 
Shield Oy and Windside Production Ltd is a development of this staging. 
In the design the drums of the Savonius rotor have evolved into spiral-
formed vanes. They are more efficient than the conventional Savonius 
machine and exert less stress on their support structures (25). 
 
 The spiral vanes in this rotor always reach the wind in right angle. The 
wind side rotor is shown in Fig. (4.5) 
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Fig. (4.5): A model of wind side rotor [26]  
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Chapter Five 
Wind Pump Design and Construction 
 
5.1 Design Guides 
It is aimed to suggest a proper design of Savonius rotor with the 
following guiding criteria: 
1. The design is to satisfy the power requirements of water 
pumping with relevance to Sudan. 
2. It should be self starting machine. 
3. The rotor can be made of locally available materials. 
4. The design is to be as simple as possible in fabrication so that 
it can be locally made. 
5. The design has to be simple in operation and maintenance that 
it could be operated by un-skilled person. 
6. Vibrations due to the motion of the turbine which exist in the 
previous design [5] is to be minimized and the system have to 
be supported by a simple tower. 
7. To satisfy safety requirements. 
 
5.2 Design Method 
It was decided to base the design on the optimization reported by Modi 
and Fernando [20] for the following reasons: 
1. The Modi and Fernando criteria covered all the geometry 
parameters of the rotor together while other studies deals with one 
of the parameters.  
2. Their results have been supported by later studies except for the 
blade gap size (which is found to be 1/6 and not zero) and the 
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aspect ratio which is not proved for another value) [24]. These two 
parameters were ignored for the following: 
(1) Omitting the blade gap in the design, make it 
possible to fasten the blades together with the shaft. 
(2) The maximum power coefficient for an aspect ratio 
of 0.77 was reported by the authors as 0.235, which 
is satisfactory in our case. 
3. The design is simple in fabrication compared to the complicated 
ones such as that of the wind side design. 
 
5.3 Design 
5.3.1 Rotor Design 
According to the previous discussion the design parameters are: 
 
  
             (5.1) 
 
  
 
The power out put from the turbine is 
P = 0.5 CP ρV3A                       (5.2) 
 
(Modi and Fernando affirm to reach a maximum power coefficient Cp of 
0.32 at a tip speed ratio of 0.79. This value is given under not-confined 
conditions. The value is 0.235 to confined condition (taking into account 
the blockage ratio) which is closer to the conditions of an urban 
environment). [24]. It is expected to be smaller than this value for the 
model due to the local conditions of fabrications. 
It was taken as 0.225 in the previous design described in reference [5].    
a/d =0 
b/d =0 
h/d =0.77 
p/q =0.20 
θ  = 135° 
d/ddisc= 0.75 
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     Taking Cp = 0.225  
 ρ = 1.14 kg/m3 (site reading) 
 v = 4.2 m/s [3] (Khartoum average wind speed) 
         P = 0.5 x 0.225 x 1.14 x (4.2)3 x A 
         P = 9.5A                                                             (5.3)  
Where A is the rotor area (m2)       
 
Assuming that: 
1. It is required to use the wind turbine to power a pump to 
satisfy the needs of a living group of 25 families with average 
family members of four persons. The number of  
           Animals are: 
• 15 cows 
• 250 sheeps 
• 500 chickens 
• 12 donkeys  
            2. Pumping head as in the design of reference [5] = 10.0 m    
   3. Water density = 1000 kg/m3 
   4. The pump efficiency (ηp) = 0.6 [5] 
        5. Transmission efficiency (ηtra) = 0.73 [5] 
        6. The system is working all the day. 
 
The power output from the pump is: 
Pout = ρwgHQ           (5.4) 
Where: 
ρw = water density (kg/m3) 
g = gravitational acceleration (m/s2) 
Q = water discharge (m3/s) 
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H = discharge head 
Table (5.1) showing the daily water consumption: 
 
Table (5.1): Daily Water Consumption  
 
Total consumption/day = 6160 L =6.16 m3 
Taking the required discharge = 7.0 m3/day  
 
Substituting in equation (5.4) 
W
x
xxxPout 95.7360024
10781.9103 ==            
Power required for the pump: 
Pp = Pout / ηp             (5.5) 
 
Rotor power: 
Pr = Pout/ (ηtra x ηp)           (5.6) 
Therefore: 
Pr = 7.95/ (0.73 x 0.6)  
Pr = 18.15W            
Equating to equation (5.3) 
 9.5A = 18.15 
Required rotor area: 
A = 18.5/9.5 = 1.9 m2 
:. A = 2.0m2             
Type 
 
Number 
 
Consumption/head[11,27]
            (L/day) 
Total consumption 
             (L/day) 
people 100 25 2500 
cows 15 50 750 
Donkeys 12 30 360 
cheeps 250 10 2500 
Chickens 500 0.1 50 
Total     6160 
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Making the turbine of two level rotors [28] each of area A/2 mounted at 
right angle to each other. See Fig. (5.1) 
 
 
Fig. (5.1): Two levels rotors 
 
 Rotor projected area Ar = 2.0/2 = 1.0m2  
Ar = hd           (5.7)  
From (5.1) 
 h = 0.77d 
Sub. In (5.7) 
 hd = 0.77d2 = 1.0 
d = 1.14 
h = 1.14 x 0.77   = 0.8778m 
h = 0.88m 
ddisc = d/0.75 = 1.14/0.77 = 1.481m 
Rotor 1 
Rotor 2 
Shaft 
Bearings End caps 
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For the available sheet dimension ddisc taken as 1.2m 
Select a bucket radius = 0.3m 
From (5.1): 
p = 0.2q  
p =0.2x0.3=0.06m       
 
Table (5.2): Rotor Dimensions 
Parameter           dimension 
Rotor diameter                                   1.14 m 
Rotor height                                   0.88 m 
Bucket radius                                   0.305 m 
Bucket arc angle                            1350 
Disc plate diameter                        1.20 m 
Blade gap size                                0.00 m 
Blade over lap                                0.00 m 
Length of the straight line portion   0.06 m 
 
The designed rotor is shown in Figures (5.2) and (5.3). 
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Fig. (5.2): Rotor configuration 
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135° 
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Fig. (5.3): Designed rotor 
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880 
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5.3.2 Shaft Design 
Selected shaft material: 
Carbon steel 1010 with the following properties: 
Tensile strength 385 MPa 
Yield strength 225 MPa 
Working shear stress 55 MPa 
 
Forces on the shaft: 
Considering storms assume the design is based on a wind speed of 15 m/s 
Force excreted by the wind: 
  F = ½ ρ AV2           (5.8) 
 
Substituting for: 
Air density ρ = 1.14 kg/m3 (average reading) 
Rotor swept area A = 1.0 m3  
F = ½ x 1.14 x 1.0 x 152 = 128.25 N           
 
Torque: 
T = F x d/2                   (5.9) 
T =  (128.25 x 1.14)/2  
T = 73.1 N.m                           
 
Bending moment: 
 Forces on the shaft are shown in Fig. (5.2) 
 
 
 
 
 
Fig. (5.4): Forces on the shaft 
0.54 m 0.54 m 1.28 m 
128.25 N 128.25 N 
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From Fig. (5.3) 
R1 + R2 = 128.25 = 256.5 N            (5.10) 
 
From the symmetry 
R1 = R2 = 128.25N            (5.11) 
 
Bending moment 
Mb = R1 x 0.54 = 128.25 x 0.54  
   Mb = 69.26 N.m               
 
 
 
 
 
 
 
 
 
 
Fig. (5.5): Bending moment diagram 
 
Shaft diameter: 
From the ASME code equation for hollow shaft combined torsion 
bending and axial loads [5]. 
 
( ) ( ) ( )22430 116 TCMCkd bb τπτ +−=          (5.12) 
 
 
128.25N 128.25N 
128.25N 128.25N 
69.26N.m 
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Where: 
K = 
do
di                                                                              (5.13) 
 do ≡ shaft outer diameter (m) 
 di ≡ shaft inner diameter (m) 
 Cb ≡ combined shock and fatigue factor applied to bending 
moment. 
 Ct ≡ combined shock and fatigue factor applied to torsion moment. 
 
(For K = 0.9, Ct = 1.5, Cb = 1) [29]  
Substituting in equation (5.19) 
( ) ( ) ( )
md
x
xx
do
033.0
735.126.69
10559.01
16
0
22
64
3
=
+−= π  
mm33=  
The shaft used is steel pipe of 42mm outer diameter and 37mm inner 
diameter which was available during the test period.  
Load and torque capacities of the used shaft: 
From (5.9)  
   T= 0.57F 
From Fig. (5.5) 
Mb=0.54F  
Substituting in (5.12) 
( ) ( ) ( )22643 57.05.154.010559.01 16)042.0( FxFxx +−= π  
           F =272 N 
            T =0.57 x 272 = 155 Nm  
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5.3.3 Bearing Selection 
⎥⎦
⎤⎢⎣
⎡= 6
3
10
60 rNlPC            (5.14) 
Where: 
 C = dynamic capacity (N) 
 N = shaft speed (RPM) 
 l = Bearing life (hrs) 
 Pr = Radial load (N) 
 
The equivalent radial load: 
Pe = C1 (XV1Fr + yFa) [29]         (5.15) 
Where: 
 Fr = radial component of load (N) 
 Fa = axial component of load (N) 
 X = Radial factor 
 Y = axial factor 
 V1 = race rotation factor 
Cl = service factor for shock and impact 
 for inner ring rotation V1 = 1 
For light shock C1 = 1.5 
X = 0.56    y = 2.13 [29]  
Taking a tip speed ratio λ as 1.2  
RPM
x
xx
D
VN 4.84
14.1
2.42.160. === ππ
λ            
Assuming bearing operation for one year  
 
Life: 
l = 365 x 24  
l = 8760 hr 
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Rotor weight = 15 kg 
Fa = 2x15x9.81 
Form equation (5.21) 
Pe = 1.5(0.56x128.25 + 2.13 x 294.3)  = 1048 N 
From equation (5.20) 
C = (60x84.4x8760x10483 x10-6)1/3  = 3710 N 
Bearing used: 
Bearing No. 1208 
Dynamic load =15 KN 
Static load = 8.7 KN 
Bore = 40 mm 
Outer diameter = 80 mm 
Width = 0.18 mm 
 
5.3.4 Tower Frame Design 
The tower designed as a rectangular shape frame made of 31mm and 
37mm diameter steel pipes of 1.5 mm thickness. The frame dimensions 
were chosen so that the rotors are to be assembled inside it. The pipes are 
of 37mm for the four uprights and 31mm for the braising. The frame is 
shown in Fig. (5.6) 
Frame dimensions are shown in table (5.2). 
                                               
                Table (5.3): Frame Dimensions 
Height  5m 
Width  1.8m 
Length  1.8m 
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Fig. (5.6): Frame and Rotors 
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5.4 Fabrication Process and Installation  
1. Rotors (Fig.s 5.6, 5.7, 5.8) 
The rotors were made of steel sheets of 1mm thickness. Each rotor 
consists of: 
• Blades 
Two sheets of 220 mm x 800 mm were cut. The sheets were rolled in a 
cylindrical shape for 135° arc angle.       
20 mm width of the two ends of the sheet length were bent for 900 and 
riveted to the end caps.  
• End Caps The End-caps are two 1200 mm-diameter 
discs that hold the blades in place. A bore of 40 mm 
diameter were made in the discs centers for the shaft to 
pass through. 
 
  
2. Shaft and Bearings 
A hollow shaft of 42 mm diameter was used and the two ends of the shaft 
were machined in a centre lathe to 40 mm diameter for the bearing 
assembly and two 40 mm bore self alignment bearings were used. 
 
3. The Frame and Support 
37 mm diameter mild steel pipes of 1.5 mm thickness were cut to the 
required dimensions and welded to form the tower. 50 mm x 50 mm 
angles were used to form a cross shape to carry the upper and lower 
bearing seats. See Fig. (5.6) 
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Fig. (5.7): Rotors assembly 
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5.5 System Assembly 
The lower bearing was mounted to its seat and the rotors were put inside 
the frame. The shaft was pushed from the top through the rotors and 
mounted into the lower bearing. The upper bearing was then mounted. A 
manual brake system of two halves of cylinders which driven by two 
screw bolts to stop the shaft rotation was mounted.  See Fig. (5.8).The 
rotors were riveted to the shaft in their positions each 100 mm off the 
nearest bearing and 400 mm a part from each other 
A pulley of 200mm diameter was fitted to the lower end of the shaft for 
the power transmission. Two spring balances were mounted on a seat 
coinciding with the pulley for measuring the torque. One of the spring 
balances fixed to a slider moving by screw bolt to add a tension to the 
belt that passing through the pulley and fixed from its ends to the two 
spring balances. See Fig. (5.9). The frame was fastened` by rope braces 
from its four sides. The assembled wind machine is shown in Fig. (5.10). 
The roof top shown is that of the Faculty of Engineering tower on Elneel 
Street. 
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Fig. (5.8): Brake system 
 
 
 
 
 
Fig. (5.9): Torque measuring system 
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 48
 
                               
 
 
 
 
  Fig. (5.10): The assembled Savonius wind machine on the Faculty of 
engineering roof top 
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Chapter Six 
Performance Test 
 
5.1  Object 
The object of this test is to determine the performance of the locally 
fabricated and constructed wind machine  
 
6.2 Testing Instruments 
1. Cup anemometer for measuring the wind speed fixed at 2.4 m 
from the centre of the machine at a level of 2.5 m above the 
base of the tower frame Fig. (6.1). 
2. Spring balance for measuring the torque Fig. (6.2) 
3. Tachometer for measuring the rotor rotational speed. 
 
 
 
Fig. (6.1): Cup Anemometer 
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Fig. (6.2): Torque measurement system 
 
 
6.3 Testing Procedure 
6.3.1 Determination of Power Output  
To determine the power out put of the turbine for different values of wind 
speeds, the brake was removed and the turbine allowed to start its 
rotation. A load was applied to the turbine by pulling the spring balance 
(Fig. 6.2). When the wind speed remained stable at a single value, the 
wind speed was measured and recorded and the rotational speed of the 
shaft and spring balance force were recorded against the wind speed 
value. 
 
The test was repeated for different values of wind speeds. The procedure 
was repeated for several times.  
 
Fixed spring 
balance 
Sٍliding guide 
Sliding spring 
balance 
Belt 
Rotating pulley 
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6.3.2 Constant Wind Speed Test 
The object of this part of the test is to give estimation for the performance 
characteristics of the machine. Since the wind speed can not be controlled 
and kept constant at a value as in the laboratory, the test was only to give 
estimation for the best working conditions of the machine with less 
expected accuracy. The test was done for a wind speed of 5 m/s. To 
determine the performance of the turbine at constant wind speed, a load 
was applied and the anemometer reading was been watched till the wind 
speed of 5 m/s was attained, the readings of the spring balance and the 
tachometer was recorded. The load was increased gradually and the test 
was repeated for different values of load.  
 
6.4 Readings 
From the repetition of the test the not logical readings that resulted from 
the rapid variation of the wind speed during the reading time was ignored 
and the final readings of the test are shown in the following tables: 
 
Table (6.1): First Test (F1 = 4.905 N, F2 = 19.62 N) 
 
Wind speed 
(m/s) 
3.0 3.5 3.8 4.0 4.5 5.0 5.3 5.5 6 6.3 6.5 7 7.5 8.0 9.0 
Turbine  
speed (rpm) 
30 49 60 69 74 78 88 90 92 92 112 114 120 128 148
 
 
Table (6.2): Second Test (F1 = 24.525 N, F2 = 53.955 N) 
 
Wind speed 
(m/s) 
4.0 5.0 6.0 7.0 8.0 9.0 
Turbine  speed 
(rpm) 
40 70 92 120 138 156 
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Table (6.3): Third Test (F1 = 4.905 N, F2 = 44.145 N) 
 
Wind speed 
(m/s) 
4.0 5.0 6.0 7.0 8.0 
Turbine  
speed (rpm) 
30 60 80 104 126 
 
 
 
Table (6.4): Fourth Test (F1 = 49.05 N, F2 =93.195 N) 
 
Wind speed 
(m/s) 
4.0 5.0 5.5 6.5 7.0 8.0 9.0 
Turbine  speed 
(rpm) 
26 55 70 90 100 120 140 
 
 
 
Table (6.5): Fifth Test (Constant Wind Speed = 5.0 m/s) 
 
F1 
(kg) 
F2 N 
(rpm)
1.5 2.5 90 
0.9 2 84 
0.5 1.8 78 
1.8 3.5 76 
1 3 70 
2 4 70 
2.5 5 62 
3 6 62 
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6.5 Calculations 
Input power: 
Pi = 0.5ρAv3 
A = 2hd 
A = 2 x 0.88 x 1.14 1.0032 m2 =2.0m2 
ρ = air density taken as 1.14 kg/m3 
Pi = 0.5 x1.14 x 2.0 x v3 
Pi = 1.14 v3            (6.1) 
 
Spring balance difference: 
∆F= F1 – F2 (N) 
Torque: 
T =∆F d1/2 
Where: 
d1 =torque pulley diameter =0.19 m 
 
T = ∆F x 0.19 /2 
 T =0.095 ∆F         (6.2) 
Out put power: 
Po = 2 x π x N T/60 
      = 2 x π x N x (0.095 ∆F)/60 
Po =   0.00995(N∆F)           (6.3) 
Power coefficient: 
From (6.1} and (6.3) 
     Cp = Po/Pi            (6.4) 
Torque  
CT = T/ (0.5ρAv3) 
CT = T/ (0.57 v3)            (6.5) 
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λ = 
v
dN
60
.π = π x 1.14n/(60v) 
λ= 0.05969N/ v            (6.6) 
 
The results of the calculations are shown in the following Tables: 
Table (6.6) shows the calculation results for the first test (Table 6.1) 
Table (6.7) shows the calculation results for the second test (Table 6.2) 
Table (6.8) shows the calculation results for the third test (Table 6.3) 
Table (6.9) shows the calculation results for the second test (Table 6.4) 
Table (6.10) shows the calculation results for the second test (Table 6.5) 
 
The curves for the results (data from Tables 6.6, 6.7, 6.8, 6.9 and 6.10) 
are shown in the following Figures: 
Fig. (6.3) shows the variation of the out put power with wind speed for 
various values of torque. 
Fig. (6.4) shows the variation of the power coefficient with wind speed 
for various values of torque. 
Fig. (6.5) shows the variation of the turbine speed with wind speed for 
various values of torque. 
Fig. (6.6) shows the variation of the power coefficient with the tip speed 
ratio for various values of torque. 
Fig. (6.7) shows the variation torque coefficient with the turbine 
rotational speed. 
Fig. (6.8) shows the curve for power coefficient against the tip speed ratio 
at wind speed of 6.0 m/s. 
Fig. (6.9) shows the curve for torque coefficient against the tip speed ratio 
at wind speed of 5.0 m/s. 
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Table (6.6): Torque 2.8 Nm 
 
  
v 
(m/s) 
N 
(rpm) 
λ 
 
Pi 
(W) 
Po 
(W) 
Cp 
 
T 
(Nm) 
CT 
 
3 30 0.60 30.88 4.39 0.142 2.80 0.54 
3.5 49 0.84 49.03 7.17 0.146 2.80 0.40 
3.8 60 0.94 62.75 8.78 0.140 2.80 0.34 
4 69 1.03 73.19 10.10 0.138 2.80 0.31 
4.5 74 0.98 104.21 10.83 0.104 2.80 0.24 
5 78 0.93 142.96 11.42 0.080 2.80 0.20 
5.3 88 0.99 170.26 12.88 0.076 2.80 0.17 
5.5 90 0.98 190.27 13.18 0.069 2.80 0.16 
6 92 0.92 247.03 13.47 0.055 2.80 0.14 
6.3 92 0.87 285.97 13.47 0.047 2.80 0.12 
6.5 112 1.03 314.07 16.40 0.052 2.80 0.12 
7 114 0.97 392.27 16.69 0.043 2.80 0.10 
7.5 120 0.96 482.48 17.57 0.036 2.80 0.09 
8 128 0.96 585.55 18.74 0.032 2.80 0.08 
9 148 0.98 833.72 21.67 0.026 2.80 0.06 
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Table (6.7): Torque 5.6 Nm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table (6.8): Torque 7.46 Nm 
 
v 
(m/s) 
N 
(rpm) 
λ 
 
Pi 
 (W) 
Po 
 (W) 
Cp 
 
T 
(Nm) 
CT 
 
4 30 0.448 73.2 11.7 0.160 7.46 0.81 
5 60 0.716 143.0 23.4 0.164 7.46 0.52 
6 80 0.796 247.0 31.2 0.126 7.46 0.36 
7 104 0.887 392.3 40.6 0.103 7.46 0.27 
8 126 0.940 585.5 49.2 0.084 7.46 0.20 
 
 
 
 
V 
(m/s) 
N 
(rpm) 
λ 
 
Pi 
(W) 
Po 
(W) 
Cp 
 
T 
(Nm) 
CT 
 
4 40 0.60 73.2 11.7 0.160 5.6 0.61 
5 70 0.84 143.0 20.5 0.143 5.6 0.39 
6 92 0.92 247.0 26.9 0.109 5.6 0.27 
7 120 1.02 392.3 35.1 0.090 5.6 0.20 
8 138 1.03 585.5 40.4 0.069 5.6 0.15 
9 156 1.03 833.7 45.7 0.055 5.6 0.12 
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Table (6.9): Torque 8.39 Nm 
 
v 
(m/s) 
N 
(rpm) 
λ 
 
Pi 
 (W) 
Po 
 (W) 
Cp 
 
T  
(Nm) 
CT 
 
4 26 0.388 73.2 11.4 0.156 8.39 0.92 
5 55 0.657 143.0 24.2 0.169 8.39 0.59 
5.5 70 0.760 190.3 30.7 0.162 8.39 0.48 
6.5 90 0.826 314.1 39.5 0.126 8.39 0.35 
7 100 0.853 392.3 43.9 0.112 8.39 0.30 
8 120 0.895 585.5 52.7 0.090 8.39 0.23 
9 140 0.929 833.7 61.5 0.074 8.39 0.18 
 
 
 
Table (6.10): Test Results at Constant Wind Speed of 5 m/s                                    
                         
 
 
 
 
v 
(m/s) 
N 
(rpm) 
F1 
(N) 
F2 
(N) 
∆F 
(N) 
λ 
 
Pi 
 (w) 
Po 
 (w) 
Cp 
 
T 
 
CT 
 
5 90 14.72 24.53 9.81 1.07 142.96 8.78 0.061 1.86 0.13
5 84 8.83 19.62 10.79 1.00 142.96 9.02 0.063 2.05 0.14
5 78 4.91 17.66 12.75 0.93 142.96 9.90 0.069 2.42 0.17
5 76 17.66 34.34 16.68 0.91 142.96 12.61 0.088 3.17 0.22
5 70 9.81 29.43 19.62 0.84 142.96 13.66 0.096 3.73 0.26
5 70 19.62 39.24 19.62 0.84 142.96 13.66 0.096 3.73 0.26
5 62 24.53 49.05 24.53 0.74 142.96 15.13 0.106 4.66 0.33
5 62 29.43 58.86 29.43 0.74 142.96 18.15 0.127 5.59 0.39
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Fig. (6.3): The variation of turbine output power for different values of torque  
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Fig. (6.4): Power Coefficient Vs Wind speed for different values of torque 
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Fig. (6.5): Turbine speed Vs Wind Speed for different values of torque 
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Fig. (6.6): Power coefficient Vs Tip Speed Ratio for different values of torque 
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Fig. (6.7): Torque coefficient Vs Speed for different values of torque 
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Fig. (6.8): Turbine performance at wind speed of 5 m/s  
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Fig. (6.9): Torque coefficient Vs tip speed ratio at wind speed 5 m/s 
 
 
 65
6.6 Discussions and Results 
The graphs shown in Figures (6.3) up to (6.9) show the characteristics of 
the wind machine. 
1. When the wind machine was subjected to constant torque of 
2.8 Nm the curve of power coefficient plotted against wind 
speed Fig. (6.4) showed a maximum value for power 
coefficient at wind speeds between 3.0 and 3.5 m/s. The 
power coefficient at wind speed of 3.5 m/s and a tip speed 
ratio of 0.84 (Fig. (6.4)) was found to be around 0.14.The 
power coefficient increases with the increase of torque. 
2. At constant torque of 5.6 Nm, the curve of Fig. (6.4) showed 
a maximum value for power coefficient of 0.16 at wind speed 
of 4.0 m/s. 
3. At constant torque of 7.46 Nm, the curve in Fig. (6.4) showed 
a maximum value for power coefficient was found at wind 
speed between 4.0 and 5.0 m/s. The power coefficient at wind 
speed of 4.0 m/s and a tip speed ratio of 0.6 was found to be 
0.16 and a power coefficient at a wind speed of 5.0 m/s and 
tip speed ratio of  about 0.71 was found to be 0.16 (Fig. 
(6.4)). 
4. At a constant torque of 8.39 Nm the curve of Fig. (6.4) 
showed a maximum value for power coefficient of 0.16 at 
wind speed of 5.0 m/s and a tip speed ratio of 0.66 (Fig. 
(6.4)) 
5. In Fig. (6.8) the performance curve for the wind machine at a 
wind speed of 5.0 m/s was drawn. The curve covered the 
values of tip speed ratios greater than 0.74. For this part of 
the curve the power coefficient increases with the decrease in 
the tip speed ratio.   
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From the above discussion the maximum power coefficient was found to 
be around .16 at a tip speed ratio around 0.66. 
 
Fig. (6.3) shows that the power out put increases with increase of wind 
speed. 
 Fig. (6.5) shows that the turbine rotational speed increasing linearly with 
the increase of wind speed within the test range of wind speed (3.0 to 9.0 
m/s). 
 
6.6.1 Design Wind Speed  
To study the performance of the turbine at wind speed of 4.0 m/s 
(instead of the design wind speed of 4.2 m/s) the data is shown in 
Table (6.11). 
 
Table (6.11): Power Characteristics at Wind Speed 4.0 m/s 
 
λ cp T(Nm) Ct 
0.388 0.156 8.39 0.92
0.448 0.16 7.46 0.81
0.600 0.16 5.6 0.61
1.030 0.138 2.8 0.31
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y = 0.3529x3 - 0.8212x2 + 0.5679x + 0.0387
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Fig. (6.10): Performance curve for a wind speed of 4.0 m/s 
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Fig. (6.11): Torque coefficient Vs tip speed ratio at 4.0 m/s wind speed 
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From the curve fit of Fig. (6.8) The maximum power coefficient was 
found to be 0.161 at a tip speed ratio of 0.56. 
 
6.6.2 Power Required 
From equation (4.8) the power required to the suggested pump is 18.5 W. 
From the power curves shown in Fig.s (6.3) the maximum power out put 
at wind speed of 4.0 m/s was found to be 11.7 W at a tip speed ratio of 
0.6. For the turbine to produce the required power the working wind 
speed is 4.65 m/s therefore the actual required area for the turbine: 
A =p/ (0.5Cpρv3) 
Required area for wind speed of 4.2 m/s = 2.72 m2 
So the rotors area has to be increased by 0.72 m2 or 36%. 
Therefore rotor area = 2.72/2 = 1.36 m2 
From equations (4.1) and (4.7): 
Rotor diameter = 1.33 m 
Rotor height = 1.00 m. 
 
The required area for the turbine to produce a power of 18.8 W for 
different values of wind speeds is shown in Fig. (6.12). 
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Fig. (6.12): Variation of the required swept area with wind speed 
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Chapter Seven 
Conclusion and Comments 
 
1. The maximum power coefficient for the wind machine was around 
0.16  
2. The maximum power out put corresponded to a tip speed ratio 
around 0.57. 
3. The maximum tip speed ratio was 1.03 
4. For the turbine to produce a power of 18.5 W at a wind speed of 4.2 
m/s, the area was to be increased by 36%.  
5. The turbine provides the power required for sites of average wind 
speed of 4.65 m/s. 
6. The use of self centering bearings reduced the misalignment losses 
and the turbine easily starts rotation. 
7. The system worked safely at wind speeds more than 9.0 m/s. 
8. The power coefficient was less than the prediction. Possible reasons 
are: 
1. the 1.0 mm thickness steel sheet used in the fabrication of 
the rotors was too weak to meet the wind force and the 
blades was deformed and the end caps bent hence the 
geometry of the rotor was changed which affect the 
efficiency. 
2. The axis of the machine was not exactly vertical. 
3. The continuous variation of wind speed and direction.   
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Recommendations 
To improve the wind machine the following is suggested: 
1. Further study is needed to determine the effect of the gap between 
the two rotors. 
2. The end caps are to be strengthened by bracing it with light angle 
bars to prevent the vertical fluctuations. 
3. The welding in the frame is to be replaced by bolting the different 
pipes to simplify the transportation. 
4. Modification is to be made for the way of supporting the tower by 
designing a concrete base to mount the tower to the ground and 
reject the ropes used.  
5. Modules consist of two and three rotors each of swept area of 
1.5m2 is suggested to meet power required.  
6. The pump is to be matched to the turbine and test it to know its 
average out put for suitable durations since the variation in wind 
speeds are great.  
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